In this paper, we describe a simple technique to achieve a thin nitrided polyoxide film, only requiring an extra nitrogen implantation to be compatible with the floating gate nonvolatile memory process. The integrity of polyoxides is improved by using the through-silicon-gate nitrogen implantation. Nitridation can be achieved by implanting nitrogen into polysilicon gate followed by a high temperature annealing to drive the nitrogen atoms across the polysilicon, through the polyoxide, and to incorporate nitrogen at the polyoxide/polysilicon interface. The nitrogen-rich layer formed during the driven-in process not only strengthens the polyoxide structure but also improves the polyoxide quality. Improvements of electrical characteristics such as a low leakage current, a low electron trapping, and a high breakdown field for both positive and negative biases have been observed.
In order to obtain good data retention characteristics for nonvolatile memory devices, the interpolysilicon oxides ͑polyoxides͒ with low conductivity, high breakdown fields and high charge to breakdown are required. [1] [2] [3] [4] [5] [6] [7] The polyoxides grown on polysilicon have a higher leakage current and a lower dielectric strength than those of oxides with comparable thickness grown on single crystal silicon, especially when a positive bias is applied to the top electrode. This is attributed to the rough asperities at the polyoxide/polysilicon interface and nonuniformities in polyoxide film thickness, and enhanced localized electric field due to the enhanced oxidation rate at polysilicon grain boundaries. Also, the integrity of polyoxide mainly depends on growth oxidants or postoxidation annealing. 8, 9 Previous studies showed that the polyoxides grown in N 2 O ambient have good oxide integrity and excellent electrical characteristics. This improvement is largely owing to the incorporation of nitrogen in N 2 O ambient. [10] [11] [12] [13] It is also well known that the oxynitride films grown in NO or N 2 O ambient with nitrogen incorporation as gate dielectrics of metal-oxide-semiconductor field effect transistors have been reported to exhibit good electrical and reliability characteristics. [14] [15] [16] [17] This is due to the nitrogen incorporation at gate oxide/silicon interface, which can avoid hot-carrier damages, prevent boron penetration and improve interface endurance to FowlerNordheim ͑FN͒ stress. [18] [19] [20] [21] [22] [23] But normal nitridation with NO or N 2 O ambient introduces a small amount of nitrogen at Si/SiO 2 interface, which is insufficient to prevent boron penetration when the oxide is thinner than 3.0 nm. Increasing the temperature or time to increase the nitrogen concentration in oxides will result in a thicker oxide and redistribution of channel doping profile. 24, 25 So, the direct implantation of nitrogen into the silicon substrates has been proposed as a nitridation technique for ultrathin gate oxides. [26] [27] [28] [29] [30] Some studies have also been reported that gate oxides grown on nitrogen implanted silicon substrates exhibit superior electrical properties, effectively prevent boron penetration and improve the hot-carrier resistance. [31] [32] [33] [34] [35] [36] To achieve a thin nitrided polyoxide film, a simple technique has been described in this study. An extra nitrogen implantation process has been used for the floating gate nonvolatile memory device applications. The integrity of polyoxide films has been improved by nitrogen implantation process. Due to the nitrogen incorporation into polyoxide films, the improved electrical properties such as low leakage current, low electron trapping, and high breakdown field have been observed for both positive and negative bias conditions.
Experimental
In this study, n + -polysilicon/polyoxide/n + -polysilicon capacitor structures were fabricated by following process sequence. p-Type Si wafers were thermally oxidized with a thickness of 100 nm. Then, the polysilicon film ͑poly-1͒ with a thickness of 300 nm was deposited by low-pressure chemical vapor deposition at a substrate temperature of 625°C. The poly-1 as a bottom electrode was doped by POCl 3 diffusion process. To activate the dopant, a 1 h drive-in process was performed in N 2 ambient at a temperature of 900°C. The sheet resistance of polysilicon film was ϳ22 ⍀/ᮀ.
Polyoxides with a thickness of about 13 nm were grown in a pure O 2 ambient at 850°C. Then, the second layer of polysilicon ͑poly-2͒ with a thickness of 300 nm for the top electrode was deposited and also doped with POCl 3 . The sheet resistance of poly-2 was ϳ22 ⍀/ᮀ. After 15 nm pad oxide was grown in a pure O 2 ambient at 850°C, samples were implanted at 25 keV with nitrogen of various doses from 1 ϫ 10 13 , 1 ϫ 10 14 , 1 ϫ 10 15 to 5 ϫ 10 15 ions/cm 2 , and followed by N 2 ambient annealing for 1 h at 850°C. Then, the poly-2 was defined and on all samples a 100 nm thick oxide was grown via wet oxidation as a passivation layer. Contact holes were opened, and Al was deposited and patterned to form capacitors. Finally, all devices were sintered at 350°C for 40 min in N 2 ambient, which can improve metallurgy between polysilicon and metal film, and it can be further reduced contact resistance.
The thickness of polyoxide film was determined by highfrequency ͑100 kHz or 1 MHz͒ capacitance-voltage ͑C-V͒ measurement. The current-voltage characteristics of all samples were measured using HP4156 semiconductor parameter analyzer.
Results and Discussion
The secondary ion mass spectrometry ͑SIMS͒ depth profiles of nitrogen for those devices implanted with 0, 1 ϫ , and 5 ϫ 10 15 ions/cm 2 followed by annealing at 850°C for 1 h in N 2 ambient are shown in Fig. 1 . For the highest implanted nitrogen sample ͑5 ϫ 10 15 ions/cm 2 ͒ in the figure, it can be seen that a highest nitrogen peak is located inside the top polysilicon ͑poly-2͒ layer near the as-implanted peak, and nitrogen concentration is gradually lowered down along the polysilicon layer and piled up in the polyoxide/polysilicon interfaces. When the implanted nitrogen dose is reduced, the nitrogen peak located inside the poly-2 film is also lowered, even down to base level as the nonimplanted sample. But it can be found that most of the nitrogen doses of the lighter implanted samples such as 1 ϫ 10 13 , 1 ϫ 10 14 ͑ions/cm 2 ͒ have been diffused toward the polyoxide/polysilicon interfaces and piled up at the interfaces to incorporate into the polyoxide. For higher nitrogen dose samples, the nitrogen can be incorporated more at the polyoxide/polysilicon interfaces. This is due to the postimplantation high temperature annealing process ͑850°C for 1 h͒ to drive and diffuse the implanted nitrogen deeper toward the polysilicon layer and accumulated nitrogen to pile up in the polyoxide/ polysilicon interfaces.
Final thicknesses of all samples determined by C-V measurements are shown in Fig. 2 . The thickness of nonimplanted sample is about 13.2 nm and the thickness of polyoxide film is gradually decreased with increasing the nitrogen implantation doses. The thickness of highest nitrogen-implanted ͑5 ϫ 10 15 ions/cm 2 ͒ sample is 15% thinner than that of the nonimplanted sample. It may be due to the nitrogen-rich layer formation. The dielectric constant is increased when nitrogen piled up in the polyoxide/polysilicon interfaces. Figure 3a and b shows the J-E characteristics of polyoxide films implanted with various doses of nitrogen for positive gate bias ͑elec-tron injection from the bottom poly-1 electrode͒ and negative gate bias ͑electron injection from the top poly-2 electrode͒, respectively. It can be seen that the nitrogen-implanted polyoxide films exhibit lower leakage currents and higher breakdown electric fields than that of the nonimplanted sample for both positive and negative biases. The improvements of J-E characteristics are believed due to the nitrogen implantation in polyoxide films. The nitrogen can passivate the dangling bonds and break the strained Si-O bonds to form more strong Si-N bonds in the polysilicon/polyoxide interfaces. So, the local stress can be relaxed in the oxide network and made the polysilicon/polyoxide interface morphology smoother. It is indicated that the stress between polyoxide and polysilicon films affects the polyoxide breakdown strength, decreasing the oxide stress increases the breakdown strength. 37 In this experiment, the leakage current and breakdown field for both positive and negative biases are improved with increasing the dose of nitrogen.
It has been reported that the effective barrier height and leakage current of polyoxide were mainly determined by polyoxide/ polysilicon interface roughness. 5 The above J-E data in the form of FN plot ͑J/E 2 vs 1/E͒ is shown in Fig. 4a and b for the top gate with positive and negative biases, respectively. The effective barrier height extracted from FN plot was shown in Fig. 5 . For the positive top-gate bias, the calculated effective barrier heights can be increased from 1.51 eV ͑for the nonimplanted polyoxide͒ to 1.76 eV ͑for the highest nitrogen-implanted polyoxide͒. For both positive and negative top-gate biases, the effective barrier heights can be gradually increased with increasing the nitrogen implantation doses. The effective barrier height is related to polyoxide/polysilicon interface texture, increasing the barrier height reduces the roughness of the polyoxide/polysilicon interface. This implies that the nitrogen implantation in polyoxide samples can form a nitrogen-rich layer in the polyoxide/polysilicon interfaces after high temperature annealing treatment. It can further improve the polyoxide interface roughness and increase the barrier height. The barrier heights of all samples with negative top-gate bias ͑electron injection from the top 
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The histogram of breakdown electric field for all samples is shown in Fig. 6a and b for positive and negative biases, respectively. It can be seen that the breakdown electric field is increased with increasing nitrogen doses. All samples with positive top-gate bias exhibit a higher conductance and lower dielectric breakdown fields than those of negative top-gate bias. This is due to the enhanced oxidation at the bottom polysilicon grain boundaries, which induces a rougher bottom poly-1/polyoxide interface as compared to the top poly-2/polyoxide interface. 8, 9 The charge trapping characteristics of all nitrogen implanted samples have been investigated. Figure 7a and b shows the gate voltage shift vs time under a constant current stressing of 100 A/cm 2 for both top-gate positive and negative biases, respectively. The gate voltage increases due to the electron trapping. It is observed that the nitrogen implanted samples show lower electron trapping rates than that of the nonimplanted sample. The electron trapping rates are decreased with increasing the nitrogen implantation for both positive and negative biases. Due to the local high stress in polyoxide films, there are many strained bonds within polyoxides. 2 These strained bonds can easily broken by high energy electrons, resulting in a dielectric breakdown when a field is applied to the polyoxide films. When nitrogen was implanted into the poly- 
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Conclusion
In conclusion, it is found that polyoxide with incorporated nitrogen had a lower leakage current and a higher breakdown field for both positive and negative biases. The implanted nitrogen followed by a high temperature annealing drive the nitrogen across the polysilicon, through the polyoxide, and incorporate nitrogen at the polyoxide/polysilicon interface. These improvements have been observed due to the nitrogen incorporation in the polyoxide films. The nitrogen can passivate the dangling bonds and break the strained Si-O bonds to form strong Si-N bonds in the polysilicon/polyoxide interfaces. Both the strength and quality of polyoxide films can be improved, due to the nitrogen-rich layer formation after high temperature annealing process.
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